To investigate the potential of segmental bioelectrical impedance analysis (BIA) for estimating whole-body composition in children. DESIGN: Strengths of relationships were determined between indices of impedance or specific resistivities of body segments and reference four-component model (4-CM) assessments of body composition. SUBJECTS: Eighteen boys and 19 girls aged 8 -12 y. MEASUREMENTS: Whole-body and segment BIA and anthropometry were used to calculate impedance indices of the whole body and segments and specific resistivities of segments; total body water (TBW), fat-free mass (FFM) and body fat were assessed using the 4-CM. RESULTS: Segmental BIA indices were significantly related to body composition, provided that appropriate comparisons were undertaken for each index: impedance adjusted for unit segment length was better related to TBW and FFM, whereas segment specific resistivity was better related to body fat. Differences between body composition estimates obtained with the 4-CM and predicted using BIA were partly dependent on limb-to-trunk ratios of BIA indices. CONCLUSION: Segmental BIA has potential for providing additional alternative approaches to the assessment of whole-body composition in children: (a) FFM and TBW were best related to impedance adjusted for segment length; (b) body fat was best related to segment specific resistivity; and (c) the relative influences of different segment BIA indices may be utilisable for generating more valid whole-body composition estimates.
Introduction
The ability to obtain simple but acceptable assessments of body composition is of value for monitoring growth and development in health, the progress of disease and response to therapy, especially in young or vulnerable children. Alternative methodology is also indicated for children in whom measurements of body weight (BWt) and height (Ht) may be difficult to obtain. However, inconsistencies in shape, composition and component distribution of the human habitus confound attempts to accurately predict body composition empirically. For example, when using skinfold thicknesses (SFT), the assumptions that selected sites represent subcutaneous adipose tissue (AT), that this reflects whole-body fat, 1 and that the composition of fat-free mass (FFM) is relatively constant 2 are far from immutable. In particular, the density of FFM is variable in both adults 3 -5 and children. 6 -8 Therefore, the validity of SFT equations in children has been questioned, 8, 9 leading to interest in alternative empirical techniques.
Whole-body bioelectrical impedance analysis (BIA) is one such alternative that has been used to predict body composition in children. 10 -14 Usually normalised for Ht whole-body BIA essentially represents an index of total body water (TBW) through the electrical conducting properties of tissues, 15, 16 and body fat, which acts as an electrical insulator, may be estimated from TBW assuming a constant for the hydration fraction of FFM and by difference from BWt. However, BIA estimates of body composition may be erroneous for individual children and subject to significant bias for groups, depending on the equation used, 8 indicating that BIA requires further development before its full potential can be realised.
Inconsistencies of body geometry result in the disproportionate distribution of BWt and impedance amongst the limbs and trunk. 17 -19 In adults, although the trunk accounts for about 45% of BWt, it contributes only 10% of wholebody impedance, whereas an arm of 4% BWt contributes 46% of impedance. 19, 20 This is because the arm is a relatively long and thin electrical conductor, impeding the flow of current to a greater extent than the shorter thicker trunk. It has been suggested that BIA of certain body segments may sufficiently represent whole-body impedance to be used as a proxy for this measurement when predicting body composition in adults; 18, 19 especially if the whole-body measurement cannot be easily obtained because of damaged or inaccessible electrode contact sites due to burns, plaster casts etc. Such suggestions have resulted in the development of commercial BIA instruments which utilise indices of the impedance of both legs or both arms. However, although the use of impedance of single segments in adults fails in itself to improve the prediction of body composition beyond that of its estimation from anthropometric variables such as BWt and Ht, 19 this approach may be of some value in healthy children because of the confounding effects of growth and development. Furthermore, in certain categories of paediatric patients with aberrant body composition or shape, or those in whom BWt or Ht may prove difficult to obtain, segmental BIA measurements might be utilisable for empirically predicting composition of the whole body. Such measurements may have particular value for monitoring bedbound hospital patients who may be susceptible to excess weight gain due to low levels of physical activity.
A more sophisticated approach would be to exploit the different relationships between individual segments and body composition. The body may be viewed as a composite of dissimilar cylinders, each one representing a segment with its own individual characteristic dimensions and composition, which variously contribute to the composition of the whole body and to whole-body impedance. 17 Any interindividual variability in these segment characteristics will, theoretically, introduce an element of uncertainty for assessing whole-body composition. For example, two individuals differing in their absolute limb and trunk lengths, but otherwise of the same stature and body composition, would be expected to have different whole-body impedance measurements due to the relative contributions of the thinner limbs (relatively high impedance) vs the thicker trunk (relatively low impedance). However, the fact that a unit difference in limb length results in a greater difference in whole-body impedance than that same unit difference in trunk length is not recognised by empirical body composition prediction equations that are based simply on Ht and whole-body impedance. Assessment of such inter-individual differences in limb-to-trunk ratios may, therefore, be of value in generating a practicable correction factor for use in empirical prediction equations to obtain more valid estimates of body composition. This may be especially important in view of the increase in stature observed in children who are obese from infancy, as opposed to those who become obese after the first year of life. 21 The purpose of this study in children was, therefore, (a) to determine whether or not BIA of individual body segments might have the potential utility for empirically predicting whole-body composition, obtained using a reference fourcomponent model (4-CM), and (b) to assess the differential value of indices of impedance (corrected for unit segment length) and specific resistivities (resistances corrected for segment lengths and cross-sectional areas) for estimating body composition (FFM and TBW, and fat, respectively). Also considered are the influences of between-subject variations in limb and trunk segment proportions on BIA and, therefore, on the accuracy of estimates of composition of the whole body.
Methods
Characteristics of the 37 children from whom data were obtained for this study appear in Table 1 . Of the 41 children who volunteered for the original study on body Segmental BIA in children (Part 1) NJ Fuller et al composition, 8 two did not have acceptable measurements of deuterium dilution space because of technical difficulties with sample collection and analysis, so these data were omitted. Data sets of segmental BIA measurements were incomplete in two other subjects. In one, this was probably due to subject movement which was not recognised until analysis; in the other, all BIA data were lost during electronic transfer of data from the BIA instrument to the computer for analysis.
Measurements of BWt (kg) using calibrated electronic scales and standing Ht (m) against a wall-mounted stadiometer were obtained, from which body mass index (BMI; kg=m 2 ) was determined. SFTs were measured at the biceps, triceps, subscapular and supra-iliac sites, using Holtain=Tanner-Whitehouse skinfold calipers (Holtain Ltd, Crosswell, Crymych, Dyfed, UK), as described by Durnin and Womersley. 1 Body volume (BV) was assessed using an established underwater weighing procedure, 4, 8 and was confirmed in some of the children by duplicate measurements and in others by air displacement plethysmography. 8, 22 Deuterium dilution space was used to calculate TBW, as previously described. 8 Whole-body bone mineral content (BMC) was obtained using dual-energy X-ray absorptiometry (DXA) with an Hologic QDR 1000=W (Hologic, Waltham, MA, USA), following manufacturer's specified instructions, and analysed using software version 'Enhanced Children's Whole Body V5.61' (Vertec Scientific Ltd, Reading, UK). Wholebody estimates of fat and FFM (kg) were obtained with the reference 4-CM that integrates measurements of BV, BWt, TBW and BMC: Height-normalised indices of body composition, the fat mass index (FMI; kg=m 2 ) and FFM index (FFMI; kg=m 2 ), were also calculated. 23 Bioelectrical impedance and resistance measurements at 50 kHz were obtained using a multifrequency BIA instrument, Model SFB2 (SEAC, Brisbane, Australia) with current source electrodes, placed on the base of the fingers and toes, maintained in place throughout all segment measurements. This ensured that any adverse effects of inconsistent current distribution were minimal and that the sum of segment impedances was equal to whole-body impedance 20 (see Table 2 ); ie source electrodes were not relocated to 5 cm from the sensing electrodes, which would result in summed segmental impedances greater than whole-body impedance. 19 Sensing electrodes were placed on ankle and wrist, for whole-body measurements, and variously at the elbow, acromion (shoulder), anterior superior iliac spine (ASIS) and knee, according to the segment measurement being undertaken. 19 For example, trunk BIA measurements were obtained with source electrodes on the hand at the base of the fingers and on the foot at the base of the toes and with sensing electrodes placed on the acromion and ASIS.
Subsequently, appropriate BIA measurements were applied according to the requirements of each analysis (see below). Relationships between impedance or impedance adjusted for segment length and body composition were determined because, although resistance is often used to predict body composition, impedance is more generally applied in practice with the instruments available in our laboratory. However, segment resistance was used to calculate specific resistivity, which was then also related to body composition, in order to comply with its exact definition as previously advocated: 20 specific resistivity (Ohms cm) ¼ resistance (Ohms)Âcross-sectional area (cm 2 )=segment length (cm). As the difference between resistance and impedance of the healthy whole body is usually materially very small, they may be interchanged with little compromise to predicted body composition; this is because of the relatively small contribution of reactance to this relationship of squared terms at 50 kHz (impedance 2 ¼ resistance 2 þ reactance 2 16 ). Despite this, advocating the differential application of impedance and resistance 20 is not simply pragmatic as it obviates some important practical implications of inappropriate use for individual segments, in which cell masses may vary considerably, or for some disease states, in which the hydration fraction of FFM may be altered significantly.
Indices of limb segment lengths were obtained by measuring the distance between centres of the electrodes in place, as above, which enabled calculation of indices of impedance adjusted for segment length and of ratios of limb lengths to trunk length. Mid-upper arm circumference (MUAC) was measured, with the arm relaxed at the side of the body, mid-way between the acromion and point of the elbow, established prior to measurement with the arm flexed. Indices of thigh circumference, measured at a point two-fifths of the distance between knee joint space and ASIS, and lower leg circumference, two-fifths of the distance between knee joint space and ankle joint space were considered appropriate in these children because such measurements had been identified already for the assessment of section muscle and AT, 24, 25 described in Part 2; 26 alternative measurements such as mid-thigh or lower leg circumference or widest calf girth were not obtained due to limited time available. These indices of segment length and circumference were used to calculate indices of specific resistivities from segment resistance.
The relative contributions of limb-to-trunk ratios to discrepancies between estimates obtained using the reference 4-CM and with empirical prediction equations were assessed. Whole-body impedance was used to estimate FFM and percentage fat using the child-specific equations of Houtkooper et al. 12 For each individual, differences between these estimates and those obtained using the reference 4-CM were calculated and termed FFM-ERROR and %FAT-ERROR. Three ratios were defined where, in each case, the 'limb' referred to values for arm plus leg: firstly, the ratio of limb-to-trunk lengths was termed RATIO-L; secondly, the ratio of limb-totrunk impedance was termed RATIO-IMP; and thirdly, the Segmental BIA in children (Part 1) NJ Fuller et al ratio of limb-to-trunk impedance adjusted for length was termed RATIO-L 2 =IMP. Strengths of relationships were then established between each of these ratios and FFM-ERROR and %FAT-ERROR which, if significant, would indicate the potential to derive a correction factor, based on simple segment measures, for more valid predictions of body composition using empirical impedance equations (see Introduction). The extent of this potential was further evaluated, therefore, by establishing whether or not relationships between such limb-to-trunk ratios and reference 4-CM body composition were significant after adjusting for the contribution to body composition estimates of the whole-body Ht 2 =impedance term by partial correlation.
Statistics
Strengths of relationships between variables were established using Pearson's correlation coefficient (r). Correlation coefficients of 0.43 for the girls (n ¼ 19), 0.44 for the boys (n ¼ 18) and 0.32 for both sexes (n ¼ 37) were considered significant (P < 0.05). Partial correlations were calculated in order to determine if there might be the possibility of improvement in prediction when incorporating indices of relative segment lengths or segment BIA. Wherever appropriate, the significance of any differences between values for r were assessed using Fisher's Z-transformation. Probabilities of < 0.05 (Z > 1.96) were considered significant. The bias and 95% limits of agreement between techniques and relationships between the size of estimate and difference between methods were scrutinised. 27 Ethical approval This study was approved by the local Ethical Committees of Addenbrooke's Hospital, Cambridge, and the Dunn Clinical Nutrition Centre. Verbal consent was ascertained from each child and written informed consent obtained from their parents.
Results
Although mean estimates of TBW and FFM were the same for the boys and girls in this study (Table 1) , the boys were generally relatively leaner than the girls, in whom percentage fat and FMI were greater, which was reflected in the slightly (but not significantly) lower mean weight of the boys. The mean ratio of waist to hip circumference was significantly less in the girls due to their significantly greater hip circumference with no difference in waist circumference. The trend for greater stature in the girls (Table 1 ; not significant) was apparently mainly because of significantly greater trunk lengths (Table 2 ). Despite the observations that limb section circumferences and cross-sectional areas were significantly greater in the girls and that limb lengths were similar between the sexes, the absolute impedance values were remarkably similar, as were the impedance values adjusted for segment length (figures for length 2 are shown in Table 2 ). It was only indices of segment specific resistivities which demonstrated significant differences between the genders.
In general, relationships between 4-CM assessments of body composition and anthropometric variables or indices of impedance were not significantly different between Segmental BIA in children (Part 1) NJ Fuller et al genders (Table 3) , despite the observation that there was a trend in some comparison groupings for the correlation coefficients to have reached significance for one sex but not the other (eg correlations between FMI and impedance adjusted for length of segment). This may be due to a combination of small sample sizes and the influence of greater and more variable fatness in girls (Table 1) . Absolute assessments of TBW, FFM and body fat (kg) were all strongly associated with BWt, Ht and BMI, with age contributing significantly to TBW and FFM but not to fat. The relative indices FFMI, FMI and body fat (%) were best related to BWt and BMI, with no significant contribution from age, and a significant effect of Ht in the boys only. Overall, except for the relationships between impedance and FFMI, segment impedance was related to body composition far less strongly than were BWt, Ht or BMI (Table 3) . However, segmental impedance measurements when adjusted for segment lengths (length 2 =impedance) were strongly related to body composition, especially the conductive TBW and FFM. Although this normalisation of segment impedance measurements according to segment length resulted in significant improvements in many of their relationships with body composition, there was considerable inconsistency amongst the different segments and between boys and girls. For example, the relationships of TBW and (a) whole-body impedance improved significantly with the use of Ht 2 in the boys (r increased from 0.36 to 0.93; Z ¼ 3.51; P < 0.01), but not in the girls (r increased from 0.48 to 0.83; Z ¼ 1.82; NS), and (b) whole-arm impedance significantly improved when adjusted for arm length in both sexes (for the boys, r increased from 0.22 to 0.86; Z ¼ 2.93; P < 0.01; for the girls r increased from 0.32 to 0.90; Z ¼ 3.12; P < 0.01). However, for the trunk, the apparent improvement was not significant in either boys or girls. Indices of specific resistivity were far more strongly related to body fat (as kg, percentage fat and FMI - Table 3 
Discussion
The potential value of segmental BIA measurements for estimating body composition in children has been demonstrated in this study. Alternative approaches are suggested for assessing body composition in those children in whom BWt, Ht, SFT or whole-body impedance may be difficult to measure. Firstly, strong relationships were observed between indices of segmental BIA and reference 4-CM estimates of body composition, with impedance adjusted according to segment length being best related to TBW and FFM and specific resistivity better associated with body fat (Table 3) . Therefore, segmental BIA may be used as a proxy for wholebody measurements, which may be difficult or impossible to obtain because of poor accessibility to particular sites (for example, in patients with burned or plastered limbs). Although there was a large inter-individual variation in most of the independent variables examined, which clearly influences the strength of relationships, comparison of the different correlation coefficients indicates the relative potential of segmental indices when matched to other measures such as BWt or Ht, for example. Secondly, the different physical characteristics of each body segment may compromise the empirical prediction of body composition using BIA because the comparatively longer or thinner segments, such as the arm, contribute more to whole-body impedance than the shorter or thicker segments, particularly the trunk. If such differences could be taken into account, perhaps the ratios of limb to trunk lengths (RATIO-L) or of limb to trunk impedance indices (RATIO-IMP or RATIO-L 2 =IMP), improvements in the prediction of reference body composition estimates may be feasible.
However, the application of segmental BIA measurements for estimating whole-body composition and, more especially, composition of individual segments 26 may be further compromised by the difficulty of consistently positioning appropriate electrode placement sites within and between individuals, particularly in the obese. Although relatively easily located boney landmarks have been previously identified, 19 and used in this study, in order to introduce some consistency, such points do not necessarily fully define each segment anatomically. 28 Nevertheless, the empirical nature of estimating segmental and whole-body composition from segmental indices suggests that the exact definition of segments may be relatively inconsequential, provided that these indices are representative of the particular segments which, in turn, represent the whole body. For none of the individual segments does the selected demarcation appear to exclude a materially important amount of segment tissue. 28 Although DXA has been used to assess the potential of BIA in healthy adults, 29, 30 it is not universally considered to be an appropriate reference for composition of the whole body, relying as it does on some uncertain assumptions that have previously received consideration. 31, 32 Therefore, 4-CM assessments are considered more appropriate than DXA against which to evaluate the use of segmental BIA in these children as, despite its own limitations, 3, 4, 8 the 4-CM is fairly robust to even quite large variations in the whole-body ratio of bone mineral to non-bone mineral, the main assumption of the model. 4 In common with previous studies in adults, 18 -20,29,30 this study has shown that segmental BIA appears to have potential for predicting body composition in children. Distribution of total body impedance among the segments is fairly consistent with that of adults, 19 except for the trunk which is proportionally less in children (Table 2 ). However, children are still growing and developing with age, which adds to the uncertainty of predicting body composition. Therefore, the derivation of more gender-and age-specific equations is indicated, requiring data from greater numbers of subjects in order to undertake the multiple regression analyses that are needed. This is especially important in view of substantial biases between methods for estimating body composition obtained using different BIA predictions which have been identified in children. 8 Therefore, recommendations that have been made for the appropriate use of populationspecific equations 33 should help to eliminate such biases. However, use of these equations does not remove all sources of error when estimating body composition as there is individual variability in size, shape and composition, even within a relatively homogeneous population group. Segmental BIA may have the potential to take into account some of this variability, therefore improving the validity of wholebody composition estimates.
In context with the observations that (a) there was no significant difference between boys and girls for FFM (Table  1) or for segment impedance indices and (b) the girls had significantly more fat (Table 1) , greater segment circumferences and cross-sectional areas and, most importantly, greater segment specific resistivities, there are indications of an important differential between impedance indices and specific resistivities (Table 3) with implications for the improved practical application of BIA. Impedance adjusted for segment length appears to be better related to FFM and TBW, whereas specific resistivity is better related to body fat, confirming similar observations from adult studies. 17 In common with the general basis and usage of BIA, impedance measurements in isolation are not recommended for integration into prediction equations because such measurements are not strongly or consistently related to body composition (Table 3 ). In contrast, impedance adjusted for unit segment length (length 2 =impedance) was shown to be more strongly related to the conducting body components, accounting for 22% (r 2 for TBW and length 2 =impedance for the lower leg in girls) to 85% (FFM and whole arm length 2 =impedance in boys) of this relationship. Further adjustment for segment cross-sectional area enables indices Segmental BIA in children (Part 1) NJ Fuller et al of specific resistivities to be estimated that are more strongly related to the insulating body fat, which may be assessed directly from segment specific resistivity, and need not be estimated by difference between BWt and FFM (it is important to note that segment cross-sectional areas were taken at a constant location due to time constraints, not at the optimal segment mid-point, and so values reported are more correctly described as indices of specific resisitivities, not absolute values). Such indirect calculation of body fat is associated with the same absolute uncertainty as that for assessing FFM due to assumptions regarding constancy of FFM composition; ie as body fat is usually a smaller component than FFM, fat mass by difference between BWt and FFM is prone to a greater relative error, which could possibly be minimised by direct prediction of body fat from segmentspecific resistivity. Therefore, provided that the composition of body segments is representative of the whole body, indices of impedance adjusted for length and specific resistivities may be used as independent predictors of TBW or FFM and body fat, respectively. In this regard, BIA proffers a potential advantage over SFT measurements, which are simply indices of subcutaneous AT thickness used to empirically predict body density from which the proportion of body fat may be calculated. 1 Similarly, BIA has this same potential benefit over BMI, which is an index of BWt dependent on the relative proportions of body fat and FFM rather than being an independent index of either component. 23, 34 However, there are errors associated with the prediction of body composition using BIA that may be at least partly due to the contribution of inconsistent geometry of the different segments and which may also be exacerbated due to certain conditions such as muscle wasting diseases. There are two approaches based on segmental measurements that could potentially improve body composition predictions using BIA. The first is to combine assessments of the composition of individual segments, obtained using segmental BIA indices, with appropriate weighting applied to independent measurements of arms, legs and trunk, a possibility explored further in Part 2. 26 In the second instance, there is potential for deriving a correction factor based on ratios of limb-to-trunk measurements (RATIOs-L, -IMP and -L 2 =IMP) for use in prediction equations based on Ht 2 and whole-body BIA. This possibility is supported by the significant relationships that were found between such ratios and the differences in body composition estimates (FFM-ERROR or %FAT-ERROR) between the reference 4-CM and the child-specific predictions of Houtkooper et al. 12 Although these equations 12 were preferred for this comparison, as they apparently have the best agreement with the 4-CM, 8 confirming previous findings, 14 a similar observation was made when the Holtain BIA equation 19 was used (results not shown). This potential is further supported by the significant relationships, shown directly by the use of partial correlations, between reference body composition assessments and either RATIO-L or RATIO-IMP, independently for body fat (%), and RATIO-L 2 =IMP for both percentage fat and FFM. However, due to the relatively low sample size, this remains speculative requiring further investigation with greater numbers of subjects.
Conclusions
The results of our study of segmental BIA in children suggest the following: (1) that segmental BIA measurements appropriately combined with anthropometry are potentially of value for predicting composition of the whole-body, particularly FFM from impedance adjusted for segment length and body fat from segment specific resistivity; such measurements may aid the monitoring of nutrition status of bedbound and hospitalised children in whom BWt, Ht and whole-body impedance measurements may be difficult to obtain; (2) that the dimensions of body segments influence whole-body impedance to the extent that variability in the limb-to-trunk ratio of impedance indices may compromise the success of predicting body composition using wholebody impedance; however, a correction factor may potentially be derived which might simply address this dilemma and improve the validity of certain prediction equations; (3) that prediction of body fat is obtainable directly from segmental BIA using indices of segment specific resistivities; this approach may generate lower error than that in which fat is calculated by difference between BWt and FFM, as it may be more robust to the effects of variability evident in the prior estimation of FFM. These findings also provide the basis for an increased battery of approaches to body composition assessment, enabling greater choice for a variety of circumstances in which the use of standard methods may prove to be difficult.
